The basic features of quark and lepton mass matrices can be successfully explained by natural minima of a generic potential with dynamical Yukawa fields invariant under the [SU(3)] 5 × O(3) flavor symmetry. If this symmetry is gauged, in order to avoid potentially dangerous Goldstone bosons, and small perturbations are added to exactly fit the observed pattern of fermion masses, the spectrum of massive flavor gauge bosons can naturally explain the hints for new physics in b → s + − transitions, including RK . In particular, the desired pattern of the Standard Model Yukawa couplings is compatible with a gauged U(1) q in the quark sector, and U(1) µ−τ in the lepton sector spontaneously broken around the TeV scale. In order to explain the aforementioned experimental hints, the corresponding neutral gauge bosons are required to mix, yielding to potentially observable signals in dimuon resonance searches at the LHC.
I. INTRODUCTION
With the Higgs boson discovery at the LHC, the Standard Model (SM) of particle physics stands out as a great success story. Since no new particles were observed so far, this only amplifies the importance of some long-standing questions. In this respect, the SM flavor puzzle -the lack of explanation for the peculiar structure of fermion masses and mixing angles-with masses spanning several orders of magnitude and very hierarchical mixing in the quark sector in contrast to the anarchical structure in the lepton sector, is still a critical point any theory of physics beyond the SM should address.
While most flavor observables agree very well with the SM, there are significant deviations from the theory prediction in b → sµ + µ − processes (see for example recent review [1] ). If confirmed, these could be a guideline to uncover the flavor structure of physics beyond the SM. In more details, the current theoretical and experimental situation is the following: LHCb Interestingly enough, all these discrepancies can be explained in a model-independent approach by a rather * andreas.crivellin@cern.ch † javier.fuentes@ific.uv.es ‡ admir@physik.uzh.ch § isidori@physik.uzh.ch large new-physics (NP) contribution (at the level of −25% of the SM prediction) to effective Flavor Changing Neutral Current (FCNC) operators involving the product ofsb andμµ currents (whose Wilson coefficients are denoted C ( )µµ 9,10 , see Sect. IV). Three symmetry based solutions (taking into account at most two non-zero Wilson coefficients) give a very good fit to data: NP in C µµ 9
only [8, [15] [16] [17] [18] [19] [20] [21] , C µµ 9 | NP = −C µµ 10 | NP [8, [19] [20] [21] and C µµ 9 | NP = −C µµ 9 | NP [21] . It is encouraging that the value for C µµ 9,10 | NP required to explain R K (with C ee 9 | NP = 0) is of the same order as the one needed for B → K * µ + µ − and B s → φµ + µ − and such scenarios are preferred over the SM by 4-5σ.
Many models proposed to explain the b → sµ + µ − data contain a massive neutral gauge boson (Z ) which generates a tree-level contribution to C µµ 9 [15, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] , and if the Z couples differently to muons and electrons, R K can be explained simultaneously. Alternatively, models with weak triplet vectors [38, 40, 41] , leptoquarks [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , or heavy new scalars and fermions [53, 54] were also proposed.
Coming back to the SM flavor puzzle, an interesting approach to reproduce the main features of quark and lepton mass matrices is to assume the Yukawa couplings are generated from dynamical fields, whose background values minimize a generic potential invariant under a large non-Abelian flavor symmetry group, such as [SU(3)] 5 ×O(3) [55, 56] . Employing general group theory arguments, the natural extrema of such potential, corresponding to maximally unbroken subgroups, robustly predict large (zero) third (first two) generation quark mass, and a trivial CKM matrix (equal to the identity matrix). In the lepton sector, the same approach leads to a solution with hierarchical charged lepton masses accompanied by at least two degenerate Majorana neutrinos, with potentially large θ 12 mixing angle, θ 23 = π/4, θ 13 = 0 and one maximal Majorana phase [57] . Adding small perturbations to this picture, quantitatively reconciles well with observations.
In such framework, in order to avoid massless Goldstone bosons, it is natural to expect that the flavor sym- metry is gauged (see e.g. [58] [59] [60] ). The complete spectrum of the corresponding massive vector bosons is quite complicated and may span several orders of magnitude. However, a large fraction of such states may be irrelevant at low energies. In this paper we focus on the phenomenology of the potentially lightest vector states, associated to some of the residual unbroken subgroups. In particular, this setup naturally leads to a gauged L µ −L τ symmetry [61] [62] [63] [64] [65] [66] [67] [68] [69] in the lepton sector [57] and an independent Abelian symmetry in the quark sector, U(1) q , that may have interesting implications for the observed deviations from the SM in b → sµ + µ − . Interestingly, gauging a linear combination of the two U(1)'s was already proposed in Ref. [28] as a solution of the LHCb anomalies. While this was purely phenomenologically motivated, here we suggest that such symmetries might be connected with the observed pattern of fermion masses and mixings. In contrast to Ref. [28] , the presence of two neutral gauge bosons make the collider signatures of this model quite different, allowing for lighter gauge bosons.
II. NATURAL MINIMA PERTURBATIONS AND LOWEST-LYING Z BOSONS
Building on Ref. [57] , we consider the extension of the SM gauge sector by the maximal flavor symmetry in the limit of vanishing Yukawa couplings and non-vanishing Majorana mass term for the right-handed neutrinos:
Here, Q ( ) corresponds to the left-handed quarks (leptons) while U (D) and E stand for the right-handed up (down) quarks and charged leptons, respectively. Neutrino masses are accounted for via the see-saw mechanism by introducing three right-handed neutrinos. Natural extrema of a generic Yukawa scalar potential break the flavor symmetry to a maximal subgroup, providing a good first-order explanation of the fermion masses and mixings, both in quark and lepton sectors [57] . In a second step, perturbations are introduced (e.g. via extra scalar fields [70, 71] ), breaking the residual flavor symmetry and fitting the observed masses and mixing angles. Below we present a detailed discussion of the sequential breaking patterns for both sectors, identifying the appearance of the two residual U(1) symmetries. Finally, the spectrum and the couplings of the corresponding Z bosons are discussed. The global picture is illustrated in Fig. 1 .
A. Quark sector
Step I: Following the approach in Ref. [57] , we choose the hierarchical natural minima of the flavon fields in such a way that the following form for the Yukawa couplings is generated:
leading to a diagonal CKM matrix and resulting in the following flavor symmetry breaking pattern
This solution provides a good starting point for the explanation of fermion masses and mixings. Here U(1) q is defined by the subgroup of the flavor symmetry given by
with λ I 8 denoting the Gell-Mann matrix, which corresponds to the following charge assignments in generation space
Step II: Perturbations around this minima are needed to provide the correct description of the observed masses and mixing angles. However, since the natural minima are very stable, it is not possible to induce these perturbations through one-loop corrections and (or) higher dimensional operators including Yukawa fields only [72] . In Ref. [70] [71] [72] it was shown that the correct perturbations can be introduced in a natural way through the inclusion of additional scalars in reducible representations of the flavor group. In this letter, we focus on the perturbations yielding the following flavor symmetry breaking pattern
at a very high scale, followed by a subsequent breaking of U(1) q around the TeV scale (Step III).
Finally, the perturbations to Eq. (2) take the form
and the full Yukawa matrix is given by
The correct masses and mixings are obtained for
For simplicity, we assume negligible σ i u(d) : these terms are not required for fitting the CKM matrix and their absence/smallness is welcome to suppress right-handed FCNCs. In a given model, u(d) and δ u(d) are functions of the vevs of the corresponding extra flavon fields that induce step-II (and III) breaking, and other physical scales involved (see Section III for a specific realization).
B. Lepton sector
Step I: For leptons, the presence of a Majorana mass term for neutrinos yields a different structure for the natural extrema of the flavon fields [57] 
that break the flavor group to the maximal subgroup
where the U(1) l subgroup is defined as
with λ 3 = diag(0, 1, −1). Again, the induced Yukawa pattern provides a good starting point for the description of the lepton masses and mixing angles.
Step II: Perturbations will in turn induce additional breaking of the flavor group. Here we assume that the charged lepton Yukawas are generated at very high energies, i.e.
with |y e | |y µ | |y τ |, implying the following breaking pattern
Note that this symmetry breaking pattern requires the perturbations in the charged-lepton Yukawa to be flavor diagonal, as shown in Eq. 12, therefore predicting no charged lepton flavor violation.
Step III: Finally, the U(1) µ−τ symmetry given by
gets broken around the TeV scale by perturbations of the neutrino Yukawa. As shown in Ref. [57] , these small perturbations allow to fully accommodate for the PMNS matrix.
C. Couplings of the lightest Z bosons
The breaking pattern illustrated above leads to two massive neutral gauge boson with masses around the TeV scale associated to the U(1) q × U(1) µ−τ flavor symmetry while the other flavour gauge bosons are much heavier.
QuarkphilicẐ q : The fermion current associated to theẐ q field in the gauge basis (L ⊃ g qẐq µĴ µ Zq ) iŝ
where k = 1, 2. In order to diagonalize Y u(d) after the perturbation in Eq. (7), we introduce the unitary matrices U
where θ
is an arbitrary 1 − 2 rotation angle, determined beyond the leading order. Note that the CKM mixing matrix,
, can already be adjusted at this order with the appropriate choice of parameters. Finally, in the mass basis we get
with i, j = 1, 2, 3 and the coupling matrices defined as
Note that the flavor universality of the gauge interactions with respect to the first two generations guarantees a suppression of the FCNCs among them, which are generated only at O(δ 2 ). An interesting scenario is given by the limit U L u → 1, where the coupling matrices read
This limit, characterized by having no FCNCs in the upquark sector, is realized in the explicit model in Section III. In what follows, we will not consider the scenarios with FCNCs in the up-quark sector, given their strong model dependency. LeptophilicẐ : Since we assume that the charged lepton Yukawa matrix is generated at a high scale where U(1) µ−τ is unbroken, theẐ charged lepton current in the mass basis is given by (L ⊃ g Ẑ µĴ µ Z ),
Gauge-boson mixing: At the scale where the two U(1)'s are broken, the most general quadratic Lagrangian in the unitary gauge reads
where χ and δM parametrize the kinetic and mass gauge mixing, respectively. The kinetic and mass mixing terms can be removed by means of a non-unitary and an orthogonal rotation, respectively (see Refs. [73, 74] for more details). These are given by
where we used the following abbreviations: c ξ ≡ cos ξ, s ξ ≡ sin ξ, and t ξ ≡ tan ξ, and similarly for χ. The induced mass-mixing angle is defined as
The gauge boson eigenstate masses are
where
Finally, the interactions of the gauge bosons with fermions in the mass eigenstate basis are given by
III. EXPLICIT MODEL EXAMPLE
In this section we present an explicit realization of the framework presented in the previous section. We assume that the maximal flavor group in the absence of Yukawas, G, is a local symmetry of nature that gets broken by the natural minima in Eqs. (2) and (9) at a very high scale leading to an unbroken SU(2)
For simplicity, we will ignore in this section the generation of neutrino masses, that is not directly relevant to our phenomenological analysis. Following a similar approach to that in Refs. [58, 60] , we introduce a minimal set of fermions to cancel the gauge anomalies, i.e. those of the flavor and SM groups and mixed anomalies among them, see Tables I and II. The most general renormalizable Lagrangian compatible with the symmetries and particle content of the model reads
with i, j = 1, 2 and where M u,d,e and λ ( ) u,d are universal parameters for the first two generations, and φ e = iσ 2 φ * e with σ 2 the Pauli matrix. We assume that the scalar flavons φ u,d,e take a vev at a high scale with φ f M f (f = u, d, e). This gives rise to the Yukawa couplings of the first and second generation SM fermions. Through a flavor transformation, we can make φ u diagonal and φ d → φ d V , with V a 2 × 2 unitary matrix that, at leading order, corresponds to the Cabbibo matrix. After step II symmetry breaking, the Yukawa couplings are given by
, Y e = y 
At leading order in the M f φ f −1 expansion, the (light generation) Yukawa matrix elements read
with φ e = (v e 0) . On the other hand, the extra fermions acquire a mass proportional to the vevs of the flavon fields, which are assumed to be large, and they decouple at low energies. The vevs of the flavon fields break the flavor group down to U(1) q × U(1) µ−τ . The unbroken U(1) µ−τ symmetry ensures that the charged lepton Yukawa couplings are diagonal, and therefore there are no flavor violating couplings in the charged lepton sector. Finally in the step III, the scalar flavons φ mix and φ ν develop a vev around the TeV scale giving a heavy mass to the neutral gauge bosons associated to the U(1)'s (M Z q( ) ∼ g q( ) φ mix(ν) ). Mixing among the third and the first two generations of quarks in the down-quark sector is generated,
where, at leading order in φ d −1 φ mix ,
Note that in this model V ub (y M d has to be enforced. Finally, as we will discuss in Section IV (see Eq. (44)), a relatively large amount of mass mixing between the gauge bosons associated to the flavored U(1)'s is needed in order to accommodate the b → s + − anomalies. In the minimal framework presented in this section, the only connection between the two sectors is given by the portal interaction (φ † mix φ mix )(φ † ν φ ν ). This interaction is however unable to induce the required mixing at sufficient level, which in the minimal model is absent even at the one-loop order. Therefore, the minimal model presented here has to be extended. The necessary amount of mixing can be easily accounted for by the inclusion of additional particles, either fermions or scalars, charged under both U(1) q and U(1) µ−τ , and with a mass around the TeV scale. For the purpose of this study it is not necessary to provide a precise realization of such extensions but we rather consider the gauge boson mixing as a free parameter. 
IV. PHENOMENOLOGICAL IMPLICATIONS
(32) In our model only a contribution to the operator
is generated. For our numerical analysis we rely on the results of the fit for the Wilson coefficients reported in Ref. [21] (see also Ref. [20] ), where the best fit is C µµ 9 | NP = −1.09 ± 0.22 at the 1σ level. In our case, we have
TeV. Naive effective field theory power counting suggests that the contribution due to pure kinetic mixing is expected to be additionally suppressed by a factor ∼ m 2 b /M 2 Z1,2 . This is due to the presence of derivatives from the field-strength tensors. Indeed, we explicitly checked that C µµ 9 | NP in Eq. (34) vanishes in the limit δM 2 , m b → 0. Therefore, from now on, we set χ to zero and allow for non-zero mass mixing δM 2 =M ZqMZ , where the parameter is expected to be small. Expanding in , we find
Flavor violating Z couplings to b and s unavoidably induce tree level contribution to B s −B s mixing. In our model
where the SM loop factor S 0 2.3. Expanding in , we find
where s W is the sine of Weinberg angle. Requiring NP contributions to the mixing amplitude to be at most O(10%), we find the following condition
In the numerical fit we take NP contributions to the mixing amplitude to be ∆R Bs = −0.10 ± 0.07 (see discussion in Ref. [75] ). Figure 2 . Combined fit to Bs mixing, neutrino trident production and b → sµ + µ − observables assuming = 0.1 (green -1σ, yellow -2σ). Relaxing the first (second) constraint is illustrated with red (blue).
It is worth noting that the contribution to ∆F = 2 processes have necessarily constructive interference and are MFV-like (i.e. a similar relative correction compared to the SM is also expected in B d − B d and Kaon mixing). This conclusion would not hold if the σ i d terms in Eq. (7) were not negligible. Tuning the σ i d one can generate arbitrary contributions to ∆F = 2 amplitudes and relax the bound in Eq. (38) . However, since this tuning does not find a natural explanation within our framework, we will not consider this possibility any further. Flavon fields also give tree-level MFV-like contributions to ∆F = 2 transitions. However, since they are SM singlets, their contributions to these processes receive an extra suppression of O m 2 b / φ mix 2 , and can be neglected. We checked this explicitly in the model example and also verified that flavon-Higgs box contributions can be neglected since they are not parametrically enhanced by large masses compared to the Z contribution.
C. Neutrino Trident Production
Bounds on flavor-diagonal Z couplings to muons can also arise from neutrino trident production (NTP), where a muon pair is created by scattering a muon-neutrino with a nucleon: ν µ N → νN µ + µ − [76] . Note that as the flavor of the neutrino in the final state is not detected, one must sum over all three generations in the case of flavorviolating interactions. We obtain for the cross section of NTP
with
while expanding in
The bound from the CCFR collaboration [77] is given by
Requiring this constraint to be satisfied at the 2σ level implies
D. Combined fit to low-energy data
Using the limits in Eq. (38) and Eq. (43), and plugging in Eq. (35), we find that the NP contribution to C µµ 9 can be
We then conclude that ∼ O(0.1) is required to reconcile low-energy constraints with the correct size of C µµ 9 . To make this point more precise, we perform a combined fit to the set of measurements discussed above. The total likelihood as a function of three parameters:
and , is constructed by adding the corresponding χ 2 terms from the three measurements: C µµ 9 | NP , ∆R Bs and R NTP . The preferred region for g q Λ v /M Z2 and g Λ v /M Z1 at 1σ (green) and 2σ (yellow), setting = 0.1, is shown in Fig. 2 . In the numerical analysis, we set Γ bs = V tb V * ts as suggested by Eq. (18) . Possible O(1) modifications of this parameter shift accordingly the preferred value of g q Λ v /M Z2 .
E. Direct searches at LHC
In this subsection, we discuss the LHC phenomenology of the two Z bosons. In the limit of zero mass and kinetic mixing and assuming that right-handed neutrinos are heavy, Z 1 Ẑ (see Eq. (22)) decays predominantly to τ + τ − , µ + µ − andνν with the partial decay widths Figure 3 . Allowed region in the (MZ 1 , MZ 2 ) plane from direct searches for dimuon resonances in pp → Z1(Z2) → µ + µ − at LHC [78] . Here we fix = 0.1, gqΛv/MZ 2 = 0.5, and g Λv/MZ 1 = 10 in agreement with the preferred region from the low-energy fit. The mixing angle ξ is small for these points, at most ∼ 0.1.
while Z 2 Ẑ q decays tott,bb and light jets with the partial widths
where jj = uū + dd + ss + cc and
in agreement with the general decay formula in Eq. (B9) of Ref. [79] . In the zero mixing limit, onlyẐ q is produced at the LHC. The total hadronic cross section in the narrow width approximation is given by
where Lis the corresponding parton luminosity function. The dominant contribution is for q = u, d. We use NNLO MMHT2014 PDF [80] set for numerical studies. Furthermore, we cross-checked the results using MadGraph [81] . ATLAS searched for a narrow Z resonance in pp collisions at 8 TeV decaying to µ + µ − [78] . The reported limits on σ × B in the mass range [150 − 3500] GeV can be used to set constraints on the parameter space of our model. Production and decay formulas are easily generalized in the case of arbitrary mass mixing ξ. We compute the signal strength for both Z and confront with these limits.
Interestingly, we find that it is possible to have relatively light vectors ( TeV) with O(1) couplings. In particular, fixing = 0.1, g q Λ v /M Z2 = 0.5, and g Λ v /M Z1 = 10, in agreement with the preferred region from the lowenergy fit, we have performed a scan in the (M Z1 , M Z2 ) plane. In Fig. 3 we show in green the region allowed by present dimuon searches from Ref. [78] . The most plausible scenario is the one with a mass hierarchy between the vectors, M Z1 < M Z2 , and with small mass mixing. That is, the lighter vector Z 1 is predominantlyẐ , while the heavier Z 2 is predominantlyẐ q . In conclusion, requiring small (perturbative) couplings (g ∼ 2 implies Γ Z1 /M Z1 ∼ 0.3), low-energy flavor data together with dimuon resonance searches require a relatively light leptophilic Z , that might be probed in the near future.
In order to check the robustness of the above statement, we have performed an exhaustive parameter scan of the model randomly varying five input parameters with flat priors:M Zq andM Z in the range [150, 4000] GeV, and g q in the range [0,1], and g in the range [0,2]. We have constructed the combined likelihood function for the low-energy data, together with the dimuon search [78] for both Z s, in terms of the model parameters using the complete formulas (not expanded in small mixing). The best fit point gives χ 2 min ≈ 7, while the SM point has χ 2 SM ≈ 27. We have kept the points that provide a good fit to all data, namely ∆χ 2 ≡ χ 2 − χ 2 min 6. Shown in Fig. 4 are the corresponding predictions for σ × B for µ + µ − , tt and jj resonance searches at LHC. In addition, we show the present limits from Refs. [82] [83] [84] [85] [86] , and estimate the future sensitivity with 300 fb −1 . Interestingly enough, the unpublished 13 TeV dimuon resonance search [82] is already probing the relevant region, with conclusive answers expected in the near-future data. On the other hand, we find the impact of the present (and future)tt and jj searches to be less relevant. We restricted our scan to the mass range of dimuon resonance searches reported by ATLAS and CMS (namely M µµ ≥ 150 GeV) but it is interesting to note that a very light (almost leptophilic) Z 1 could evade the experimental bounds provided its gauge coupling is sufficiently small. In this case, Z → 4µ provides a bound of M Z1 30 GeV [26, 76, 87] , when the three-body decay
is kinematically open. Finally, one can establish a rough estimate on the future mass reach at LHC using the ColliderReach tool for extrapolations [88] . We find that by Run 3, with 300 fb −1 , this value should rise to about 5 TeV.
V. SUMMARY AND CONCLUSIONS
The assumption of dynamically generated Yukawa couplings provides a natural explanation to the observed pattern of fermion masses and mixing angles, both in the quark and lepton sectors [57] . In this framework the maximal [SU(3)] 5 × O(3) flavor group is assumed to be a local symmetry of nature, broken spontaneously (and in several steps) by flavon fields. In this paper we have shown that in this context, under reasonable assumptions about the flavor symmetry breaking pattern, it is possible to obtain an explanation of the anomalies observed in b → sµ + µ − transitions. The main features of the pro- posed model can be summarized as follows.
• Two Z bosons arise as the lowest-lying resonances resulting from the gauging of the flavor group, one corresponding to a gauged U(1) q and the other one to a gauged µ−τ flavor symmetry. A small but nonvanishing mass-mixing among the Z bosons is required in order to accommodate the flavor anomalies.
• The flavor symmetry acting on the light quark families ensures a partial protection for quark FCNCs, which turn out to be sufficiently small to avoid the tight existing constraints while allowing for sizable effects in b → sµ + µ − . The model predicts no FCNCs in the charged lepton sector.
• Concerning b → sµ + µ − transitions, our model predicts C µµ 9 | NP only, and maximal µ − e universality violation. Therefore, no deviations from the SM predictions in B s → µ + µ − are expected but sizable effects in angular observables measuring lepton flavor universality violation [89] [90] [91] should occur.
Present data already provides important restrictions on the parameter space of the model: for small gauge mixing, the bound from B s mixing implies g q /M Z2 0.1 TeV −1 while the constraint from NTP gives the bound g /M Z1 1.7 TeV −1 . Direct searches at LHC allow for a very light (almost leptophilic) Z together with a heavier one (mostly quarkphilic) in the TeV domain. This full region of the parameter space will be explored in the near future by dimuon searches. 
